Turner syndrome (TS) is a genetic disorder affecting females, resulting from the complete or partial absence of an X chromosome.
Introduction
Turner syndrome (TS) is a genetic disorder affecting females, resulting from the complete or partial absence of an X chromosome and occurs in approximately 1 in 1500--2000 live female births (Lippe 1991; Stochholm et al. 2006) . Individuals with TS tend to have relative difficulties in visuospatial (Rovet and Netley 1980) , arithmetic (Molko et al. 2003; Kesler et al. 2006) , motor (Nijhuis-van der Sanden et al. 2003) , social (McCauley et al. 1987; Mazzola et al. 2006) , and executive function skills (Waber 1979; Pennington et al. 1985; Bender et al. 1993; Murphy et al. 1994) . Despite this range of cognitive difficulties, language skills are typically in the normal range (Murphy 2009) , and one hallmark of TS is a large discrepancy between verbal and performance IQ (Garron 1977; Murphy et al. 1993; Rovet 1993; Ross, Roeltgen, et al. 2000; Ross, Zinn, et al. 2000) . Therefore, as a relatively common genetic disorder with a well-characterized behavioral phenotype, TS offers a unique opportunity to study the effects of X-chromosome genes on female cognitive and brain development.
Cognitive deficits in TS have been most prominently identified in tests of performance IQ, that is, tasks requiring visuomotor and visuospatial skills, perceptual organization, and fluid reasoning (for a recent review, see Hong et al. 2009 ). In particular, visuospatial working memory has been cited as a core deficit in TS (Buchanan et al. 1998) . Working memory impairments in TS have been linked with regional activation differences relative to typically developing (TD) participants. Haberecht et al. (2001) found that as memory load increased, TS subjects showed reduced activity in inferior and middle frontal gyri (IFG, MFG), the caudate, and the supramarginal gyrus (SMG) in the parietal lobe relative to TD participants, suggesting abnormal frontostriatal and frontoparietal circuits in TS. Hart et al. (2006) used a slow event-related design to compare visuospatial and verbal working memory across encoding, maintenance, and retrieval phases; they performed region of interest analyses on IFG, MFG, intraparietal sulcus (IPS), and inferior temporal gyrus (ITG) and found that TS participants had significantly reduced activity in frontal and parietal regions, during the maintenance phase of the visuospatial working memory task, relative to TD participants. Functional interactions between frontal and parietal regions have been shown to be important for maintenance of information in working memory (Honey et al. 2002) . However, it remains unknown whether weakened frontoparietal interactions are related to working memory impairments in TS.
In addition, functional imaging studies have found that during visuospatial ), executive function (Haberecht et al. 2001; Tamm et al. 2003; Hart et al. 2006) , and arithmetic tasks (Molko et al. 2003; Kesler et al. 2006) , TS subjects show abnormal activation profiles in frontal and parietal cortices and subcortical regions, such as the caudate. In parallel, morphometric studies have found abnormalities in bilateral parietal lobes and parietooccipital regions (Murphy et al. 1993; Reiss et al. 1995; Molko et al. 2003; Brown et al. 2004) , as well as increased volume of superior temporal gyrus (Kesler et al. 2003) , amygdala, and orbitofrontal cortex (Good et al. 2003) . White matter studies in TS have found structural differences in the superior temporal sulci, orbitofrontal cortex, right IPS, and reduced fractional anisotropy in fibers connecting anterior to posterior temporal lobes (Molko et al. 2004 ). Holzapfel et al. (2006) identified a potential locus for abnormal frontoparietal interactions, by showing reduced fractional anisotropy in parietooccipital areas, extending along the superior longitudinal fasciculus to the deep white matter of the frontal lobes.
In the typical population, frontal and parietal cortices are engaged by a wide range of attentionally demanding tasks and are consistently identified as nodes in a ''frontoparietal attention'' or task-positive network (TPN) (Fox et al. 2005; Toro et al. 2008) . Activity in this network is anticorrelated with networks more active during rest (e.g., the default mode network or DMN) (Fox et al. 2005) . Working memory tasks reliably engage regions of the TPN, including dorsolateral prefrontal cortex (DLPFC), IFG, and posterior parietal cortex (for a review, see Wager and Smith 2003) . Functional interactions within both the TPN (Honey et al. 2002) and the DMN (Hampson et al. 2006) have been shown to be important for effective maintenance of information in working memory.
In TS, while frontal and parietal regions show abnormal activation profiles (Haberecht et al. 2001; Hart et al. 2006) , and frontoparietal structural connections are weakened (Holzapfel et al. 2006) , no study to our knowledge has investigated functional interactions between these regions during cognitive processing in TS. In the present study, we scanned TS and TD participants with structural and functional magnetic resonance imaging (sMRI and fMRI) while they performed Nback working memory tasks in visuospatial and phonological modalities and under varying load (1-back and 2-back). We used a voxel-wise volumetric analysis to define a potential locus for functional connectivity differences. We hypothesized that in TS, structurally abnormal parietal regions might show weakened white matter connections with frontal regions, which would be reflected by weakened frontoparietal functional connectivity. Additionally, we hypothesized that reduced connectivity would predict working memory performance. To test this, we performed an additional analysis on a larger cohort of TS participants who performed only the visuospatial working memory task, in which we correlated performance with measures of activation, connectivity and structure.
Materials and Methods

Participants
Participants in this study ranged from 7 to 13 years of age and were recruited as part of a longitudinal study on brain development in TS. TS girls were recruited from chapters of the TS Society of America and the TS Society of Canada and from university-and community-based pediatric endocrinologists. TD participants were recruited as siblings of TS participants and locally through parent organizations and local advertisements in the Palo Alto, CA, area. Thirty-seven TS and 18 TD participants, aged 7--13, performed the visuospatial working memory task and 26 TS and 17 TD participants performed the phonological working memory task. Participants who performed below 75% on the control condition during the visuospatial working memory task, or whose scans were contaminated with excessive motion or scanner artifact, were excluded from our analysis. Two TS participants were eliminated for benign structural abnormalities near the cerebellum, which impeded normalization to the group template. We included 14 TS (10 45,X (TS-monosomic) and 4 with a mosaic karyotype (TSmosaic)) and 12 TD participants, in our analysis combining visuospatial and phonological tasks. Mean age for TS participants was 10.6 (standard deviation [SD] 1.6) and for TD participants 10.6 (SD 1.5). In order to correlate measures of connectivity with behavior, we performed a second analysis on a larger group of participants who performed only the visuospatial working memory task (this group included the participants in the first analysis); this second cohort included 30 TS (20 TS-monosomic; 10 TS-mosaic) and 15 TD participants. In this second cohort, the mean age for TS participants was 10.7 (SD 2.2) and for TD participants 10.5 (SD 1.6). Among the 20 TS-monosomic participants included in this study, 6 had an X chromosome of paternal origin. Around the age of puberty, girls with TS typically begin estrogen therapy (Bondy 2007) ; in our sample, 3 TS girls were confirmed to have started estrogen therapy, and information was not collected from 4 participants.
Study Protocol
Study participation required 2 days of testing and MRI scans at Stanford University. Participants from outside the San Francisco Bay area were flown in and accommodations were arranged at a local hotel. All TS participants underwent a standard karyotype assessment to confirm diagnosis. Prior to MRI scanning, all participants underwent a ''mock scan session'' in an MRI simulator, to familiarize themselves with the scanner environment, and to rehearse staying still during scanning. Study participants underwent 2 scan sessions, each up to 1.5 h, on consecutive days. On the first day, sMRI and DTI scans were collected, as well as functional tasks, presented in pseudorandom order. On the second day, participants performed additional functional tasks and repeated any scans that were inadequately collected on the first day. Among the functional tasks were the visuospatial and phonological working memory tasks described here, in addition to other tasks not reported here. Pubertal status was not explicitly assessed in either the TS or the TD groups. In addition to fMRI and sMRI scans, participants received a cognitive and neuropsychological test battery. Informed consent was obtained from a family member and informed assent was obtained from all participants. The human subjects committee at Stanford University School of Medicine approved the protocols used in this study.
Cognitive and Neuropsychological Assessments
In order to compare our participant groups on standardized measures of working memory and visuospatial processing, we administered the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV) (Wechsler 2003) and the developmental neuropsychological assessment (NEPSY) (Korkman et al. 1998 ) to all study participants. In addition to full-scale IQ (FSIQ) (Wechsler 2003) , we report index scores from the WISC-IV for the verbal comprehension, perceptual reasoning, working memory, and processing speed indexes. We also report the visuospatial domain score from the NEPSY. Scores from neurocognitive tests were compared between groups using independent samples t-tests.
MRI Data Acquisition
MRI was performed on a 3.0 T GE whole-body scanner (GE Healthcare Systems). High-resolution structural scans were acquired using a spoiled GRASS sequence (124 slices, 1-mm 2 in-plane and 1.5-mm through-plane resolution, flip angle = 15°, field of view [FOV] = 22 cm), facilitating subsequent localization and coregistration of functional data. A T 2 *-sensitive gradient echo spiral-in/out pulse sequence (Glover and Law 2001) was used for functional imaging (time repetition [TR] = 2000 ms, time echo = 30 ms, flip angle = 80°, matrix 64 3 64, FOV = 22 cm). Thirty oblique axial slices were obtained parallel to the AC--PC with 4-mm slice thickness, 1-mm skip. A high-order shimming procedure was used to reduce B0 heterogeneity prior to the functional scans .
fMRI Tasks During fMRI tasks, visual stimuli were controlled using ePrime software on a PC and presented to participants in the scanner using a projector positioned at the front of the room; the image reflected off a mirror attached to the fMRI head coil. The order of visuospatial and phonological working memory tasks was randomly assigned to each participant. All participants learned the tasks and practiced outside the scanner to ensure that they understood the task instructions.
Visuospatial Working Memory
During the visuospatial working memory task (Fig. 1a) , a large white rectangle appeared, centered, on the screen. On each trial a small ''O'' appeared in 1 of 9 positions within the rectangle: 4 corners, middle of the 4 edges, or in the center. The O remained on the screen for 1.5 s, followed by a fixation cross for 1 s. During the 1-back blocks (1B), participants responded by pressing a button with their index finger if the O appeared in the same position on 2 consecutive trials and during 2-back blocks (2B), if the O appeared in the same position 2 trials previously. During control blocks (C), subjects pressed the button any time the O appeared in the center of the rectangle. Blocks consisted of an instruction screen presented for 2 s, followed by 14 trials, approximately 25% of which were targets, for a duration of 35 s. Blocks were presented, including 30 s rest blocks (R), in the following order: R-1B-C-1B-C-1B-C-R-2B-C-2B-C-2B-C-R.
Phonological Working Memory
During the phonological working memory task (Fig. 1b) , 3-letter nonword syllables were presented at the center of the screen (e.g., wak, suz, vit). The syllable remained on the screen for 1.5 s, followed by a fixation cross for 1 s. During the 1-back blocks (1B), subjects were asked to judge whether the syllable currently presented rhymed with the previously presented symbol; rhyming could be determined based on the last 2 letters of the syllable. During the 2-back blocks (2B), subjects were asked to respond if the currently presented syllable rhymed with the syllable presented 2 trials previously. During the control blocks (C), 2 syllables were presented at the same time, and subjects were asked to judge whether they rhymed. Timing and block order were identical to the visuospatial task.
Behavioral Data Analysis
Accuracy measures from the working memory tasks were entered into a repeated measures analysis of variance (ANOVA), with modality (visuospatial vs. phonological) and working memory load as within subject factors, diagnosis as a between subjects factor, and age as a centered covariate.
Voxel-Based Morphometry Analysis
Studies of brain structure in TS have consistently identified differences in parietal lobe morphology. As Molko et al. (2003) identified a prominent difference in the morphology of the right IPS (rIPS), we performed a voxel-based morphometry (VBM) analysis in order to identify a locus of structural differences in the rIPS in our group of TS participants. This analysis included the 30 TS and 15 TD participants for whom usable anatomical and functional MRI data were available. Images were processed using Statistical Parametric Mapping software (SPM8) (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) software in Matlab (Mathworks). Each image was manually aligned onto the axis of the anterior and posterior commissures. Images were initially segmented into gray matter, white matter and cerebrospinal fluid using unified segmentation (New Segment) as implemented in SPM8 (Ashburner and Friston 2005) . A custom gray matter template was then generated for the entire group using the Diffeomorphic Anatomical Registration Through Lie Algebra toolbox (Ashburner 2007 ; DARTEL, Wellcome Department of Imaging Neuroscience, University College London; www.fil.ion.ucl.ac.uk/spm). Images were then warped into Montreal Neurological Institute (MNI) space, with modulation to preserve local concentrations and resliced to 1.5 mm cubic voxels. Finally, images were spatially smoothed using an 8 mm full-width at half-maximum (FWHM) Gaussian kernel.
We tested for group differences in local gray matter volume by entering processed gray matter images into a 2-sample t-test, including total gray matter as a covariate of no interest. Inferences were drawn at a cluster-level threshold family wise error (FWE) corrected for multiple comparisons (P < 0.05) over the whole brain, with a height threshold of P < 0.001 uncorrected. This analysis identified several significant gray matter volume differences (see Results and Table 2 ), including bilaterally along the IPS. We used the MarsBaR toolbox (Brett et al. 2002) to generate a volume of interest (VOI) from the rIPS (at a height threshold of P < 0.001 uncorrected; this cluster also survived our cluster-level threshold), in which the TS group showed reduced volume relative to the TD group; this VOI was used for subsequent functional connectivity analyses.
fMRI Preprocessing
Functional images were preprocessed using SPM8 software. Images were corrected for slice timing, realigned to the third scan in each functional series, coregistered to the corresponding structural scan, and resliced to 1.5 mm cubic voxels. We used ArtRepair software (http://cibsr.stanford.edu/tools/ArtRepair/ArtRepair.htm) to improve signal quality losses due to subject motion and data artifacts (Mazaika et al. 2009 ). Image time series were smoothed with a 4 mm FWHM Gaussian kernel, detrended using a high-pass filter, and then corrected for interpolation errors introduced during realignment, using trigonometric form adjustment similar to Grootoonk et al. (2000) . Artifacts indicated by rapid scan-to-scan motion greater than 0.5 mm/TR or global signal intensity fluctuations greater than 1.5% were repaired using interpolation between the nearest unrepaired scans. Participants were removed from further analysis if more than 25% of scans required repairs. Flow fields from the DARTEL template generation were used to normalize the functional images to MNI space. Finally, the functional scans were smoothed with a 7 mm FWHM Gaussian.
fMRI Analysis
For each subject, we constructed a general linear model with regressors for the 1-back, 2-back, and 2 control conditions (though stimuli in the 2 control conditions were identical, we modeled blocks interleaved with 1-back or 2-back separately), for both modalities, motion parameters estimated during realignment, and a constant for each session. The task regressors were modeled as 35 s boxcar functions convolved with the hemodynamic response function, and a 128 s high-pass filter was applied. For each subject, we calculated separate contrasts for 1-back versus control and 2-back versus control, within the visuospatial and phonological modalities, resulting in 4 contrast images per subject. We then entered these contrast images into a factorial model at the second level, with task as a within subjects factor (4 levels), diagnosis as a between subjects factor, and a factor to account for repeated measures within subjects. Group contrasts were calculated to compare effects of diagnosis on working memory overall and interactions between diagnosis and working memory load. In a second model, we also included accuracy as a covariate, to control for effects of performance on regional activity. Inferences were drawn at a cluster-level threshold FWE corrected for multiple comparisons (P < 0.05) over the whole brain, or VOI as specified, with a height threshold of P < 0.001 uncorrected.
Functional Connectivity Analysis
We assessed whether interregional interactions contributed to working memory difficulties in TS, by testing whether functional connectivity Figure 1 . Task. Subjects performed visuospatial (a) and phonological (b) working memory tasks in the scanner. Both tasks consisted of rest (R), 1-back (1B), 2-back (2B), and match-control (C) blocks, in the following order (R-1B-C-1B-C-1B-C-R-2B-C-2B-C-2B-C-R). Each block consisted of 14 trials, approximately 25% of which were targets. Subjects responded according to the block, which was cued by an instruction screen presented for 2 s at the start of each block. (a) During the visuospatial working memory task, on each trial subjects saw the stimulus (a white circle inside a white rectangle, on a black background) for 1.5 s, followed by a fixation cross for 1 s. The participants pressed the button if the cue was in the center (C), same position as the previous trial (1B), or same position as 2 trials previously (2B). (b) During the phonological working memory task, on each trial participants saw a 3-letter nonword syllable at the center of the screen for 1.5 s, followed by a fixation cross for 1 s. During the match-control block, 2 syllables were presented, one above the other. The participants pressed the button if the 2 syllables rhymed (C), rhymed with the syllable shown on the previous trial (1B), or rhymed with the syllable shown 2 trials previously (2B).
Cerebral Cortex November 2011, V 21 N 11 2473 between parietal and frontal regions was weaker during working memory tasks, in TS participants relative to TD. Specifically, we were interested in assessing the impact of abnormal parietal lobe morphology (Molko et al. 2003; Brown et al. 2004 ) on frontoparietal interactions. The VBM analysis we performed confirmed reduced gray matter volume in our TS cohort relative to controls, bilaterally along the IPS. We identified a cluster in the rIPS in the TD > TS VBM contrast, at a height threshold of P < 0.001 and used this as our seed region in a psychophysiological interaction (PPI) analysis (Friston et al. 1997) . For this analysis, we constructed a general linear model for each subject, which included both working memory tasks modeled as separate sessions. Within each session (visuospatial and phonological), we modeled the main effects of the time course from the seed VOI, the 4 conditions (1B, 1C, 2B, 2C), and the product of the deconvolved time courses and the condition vectors (Gitelman et al. 2003) , which were then convolved with the hemodynamic response function. Models also included motion parameters estimated during realignment and session-specific constants. We generated t-contrast images comparing 1B and 2B working memory conditions to their respective controls and entered these into a factorial model at the second level. This model included task as a within subjects factor (V-1B, V-2B, P-1B, P-2B), diagnosis as a between subjects factor, and a factor to account for repeated measures within subjects; in a second model, we also included accuracy as a covariate. Given the previously observed profile of structural differences in parietal regions and activation differences in frontal and parietal regions, we were specifically interested in testing whether frontal regions showing group differences in activation also showed differences in interaction with parietal regions. Accordingly, we used the Automated Anatomical Labeling (AAL) (Tzourio-Mazoyer et al. 2002) interface to define regions of interest in bilateral superior and middle frontal gyrus (SFG and MFG) and bilateral inferior parietal lobule (IPL).
Brain Behavior Correlations
We ran similar Statistical Parametric Mapping (SPM) and PPI analyses as those described above, in a larger cohort of subjects who performed only the visuospatial task (TD = 15, TS = 30). We used this larger cohort to test correlations between behavioral performance as measured by accuracy and measures of activity, connectivity, and structure. In particular, we were interested in assessing whether connectivity explains variance in behavior, over and above measures of regional activation. We chose to look at accuracy measures in the more challenging 2-back condition, where group differences were more prominent and test for dependence on regional activation, connectivity, and structure. To do this, we began by asking which regions were significantly correlated with accuracy in the structural (VBM), main fMRI, and PPI analyses. Structural images and (2B-C) contrast images from the main SPM and PPI analyses were entered into separate multiple regression models, which included age and 2-back accuracy, as well as a constant as regressors. From each model, we generated masks consisting of clusters significantly correlated with accuracy, thresholded at P < 0.05 with a minimum extent of 15 voxels (slices from one of the masks are shown as an example in Fig. 5a ). We generated 2 masks per modality: one consisting of clusters positively correlated with accuracy and one consisting of clusters negatively correlated with accuracy. For each participant, we averaged structural or (2B-C) contrast images within these masks; example averaged values are shown in Figure 5b . We reasoned that the resulting averaged (volumetric or contrast) values provided a summary measure for each participant of the volume (VBM), activation (ACT), or connectivity (PPI) that significantly correlated with accuracy. Next, we tested whether these summary measures explained variation in accuracy, by entering the averaged values into a stepwise multiple linear regression which also included age, in the following order: age, ACT(+), ACT(-), PPI(+), PPI(-), VBM(+), VBM(-).
Results
Cognitive and Neuropsychological Assessments
Scores on cognitive and neuropsychological assessments were compared between diagnoses, using the entire participant group (TS-monosomic = 20; TS-mosaic = 10; TD = 15) ( Table 1) . For FSIQ, the TD group was significantly higher than the TSmosaic group (t 23 = 4.2, P < 0.001) and the TS-mosaic group was significantly higher than the TS-monosomic group (t 27 = 2.5, P < 0.05). This pattern (TD > TS-mosaic, P < 0.05 onetailed and TS-mosaic > TS-monosomic, P < 0.05 one-tailed) was repeated in the perceptual reasoning (WISC perceptual reasoning index; t 23 = 3.9; t 28 = 2.7) and working memory (WISC working memory index; t 23 = 1.74; t 28 = 3.4) scores. For the verbal comprehension (WISC verbal comprehension index [VCI] ) and the processing speed indices (WISC processing speed index [PSI] ), the TD group was significantly higher than the TS-mosaic (VCI: t 23 = 2.4, P < 0.05; PSI: t 23 = 4, P < 0.001) and TS-monosomic (VCI: t 33 = 3.9, P < 0.001; PSI: t 32 = 6.0, P < 0.001) groups, but the TS-mosaic group was not significantly higher than the TS-monosomic (VCI: t 27 = 1.5, P = 0.14; PSI: t 27 = 1.4, P = 0.19). For the NEPSY visuospatial test, we had data from only one mosaic TS participant, however, the TS-monosomic group was significantly lower than the TD group (NEPSY visuospatial; t 33 = 4.7, P < 0.001). Broadly, these data indicate that the TS-monosomic group shows impairments in visuospatial skills and working memory, as expected, but unexpectedly, also fares significantly worse than TDs in the verbal domain. As expected, the TS-mosaic group also shows significant impairments relative to the TD group, but on several measures was less impaired than the TS-monosomic group.
VBM Results
We compared regional gray matter volumes between groups for all participants (TS = 30; TD = 15). The VBM analysis confirmed that our group of TS participants showed significant volumetric reductions bilaterally along the IPS (peaks at [-36 -63 46] and [30 -45 43]), as well as in several occipital regions ( Fig. 2a and Table 2 ), relative to TDs. We were interested in assessing how this structural difference might relate to abnormal functional connectivity in TS. To this end, we defined a VOI in the rIPS, using the TD > TS contrast thresholded at P < 0.001, which was used for subsequent functional connectivity analyses (size = 806 voxels). This cluster also survived our FWE cluster-level threshold.
As the cognitive deficits were less severe in the TS-mosaic than the TS-monosomic group, we repeated this analysis using only the TS-monosomic group (TD = 15; TS-monosomic = 20). We found that results were qualitatively similar to the analysis on the combined group. Specifically, the TS-monosomic group showed significantly reduced volumes relative to the TD group in cuneus ([-4 -76 
Analysis 1: Visuospatial and Phonological Working Memory Tasks
Working Memory Performance A repeated measures ANOVA showed that accuracy was significantly affected by diagnosis (TD/TS) (F 1,23 = 13.8, P < 0.05), modality (visuospatial vs. phonological) (F 1,23 = 7.04, P < 0.05), and memory load (F 2,46 = 81.1, P < 0.001) (Table 3 and Fig. 3 ). These results indicate that girls with TS performed worse overall, participants in both groups were less accurate with increasing load, and participants were less accurate on the phonological task. The load 3 modality interaction was significant (F 2,46 = 3.7, P < 0.05), indicating that as the task became more difficult, accuracy decreased more in the phonological modality. The diagnosis 3 load interaction (F 2,46 = 6.7, P < 0.05) was significant, indicating that as the task became more difficult, accuracy decreased more in the TS group. The load 3 age interaction (F 2,46 = 4.7, P < 0.05) was also significant, indicating that as the task became more difficult, younger participants were less accurate. The load 3 modality 3 diagnosis interaction was not significant, nor was the modality 3 diagnosis interaction, indicating that TS participants did not find the visuospatial task to be especially difficult, as we might have expected. This is likely due in part to the asymmetric difficulty between the visuospatial and the phonological tasks, as both TD and TS participants were less accurate on the phonological tasks.
fMRI Results
In the TD group, we estimated a contrast to identify regions that increased in activity during working memory, relative to the control task, across both modalities. A network of regions that are typically involved in working memory tasks was identified, with peaks in bilateral IPL (peaks at [-50 -45 Table S1 ). Next, we investigated group differences in working memory activity by estimating a TD > TS contrast over the 4 working memory conditions (V-1B, V-2B, P-1B, P-2B). This analysis showed reduced activation in TS relative to TDs in the right SMG ([48 -42 39], Z = 4.8, size = 1367) at our whole-brain corrected threshold (Fig. 2b) . Additionally, we investigated differences in activation in our a priori VOIs in left IPL and bilateral MFG and SFG, using smallvolume correction. This identified additional significant clusters in left IPL at [-56 -49 We did not find any regions which were more engaged in the TS group relative to TD, nor did any regions show significant group 3 load interactions.
In Figure 2c , we overlay the significant activations for both the structural and the functional analyses, showing that while there is some overlap, the peak functional differences are actually adjacent and lateral to, rather than superimposed on, the structural differences.
We verified the impact of behavioral performance, as measured by accuracy, on the group differences described above, by running a second model including accuracy as a covariate. For the group comparison TD > TS, the right SMG ([48 -43 49], Z = 4.37, size = 826) remained significant at a height threshold of P < 0.001, though the spatial extent was reduced, and no longer met our cluster-level wholebrain corrected threshold. Small volume correction yielded significant clusters in the right SFG at [ 16 62 22 These results indicate that while overall performance accounts for some of the variance in activation, group differences in regional activation nonetheless persist.
Although the modality 3 diagnosis interaction did not reach significance in the behavioral data, we tested for regions in the brain which showed this interaction. We found that right MFG ([33 47 27], Z = 5, size = 2331) and cingulate ([9 21 36, Z = 4.5, size = 2360], Z = 4.55, size = 2360) increased more from visuospatial to phonological in the TD group, and that a region of right occipital cortex decreased more from visuospatial to phonological in the TD group ([36 -69 -12] , Z = 4.9, size = 3155).
We also repeated this analysis comparing the TD group to only the TS-monosomic participants (TD = 12, TS = 10). We obtained qualitatively similar results, namely the TD > TS contrast showed significant clusters in right SMG ([58 -45 ([-38 58 20] , Z = 3.85, size = 13). There were no significant activations in the TS > TD contrast.
Functional Connectivity Results
A PPI analysis was used to explore group differences in functional connectivity with the rIPS seed during working memory. Looking first at the TD group across the 4 task conditions, we found that connectivity increased during working memory relative to the control task in precuneus ([-6 -51 -63 -36 45], Z = 3.48, size = 21, P = 0.07), where the TS group showed reduced connectivity (Fig. 4a) . The TS group showed significantly greater connectivity in a large cluster that included bilateral caudate, thalamus, and anterior cingulate right IPL ([30 -43 58] , Z = 3.71, size = 64) small-volume corrected in our a priori VOIs. No regions survived the TS > TD contrast when controlling for accuracy.
We repeated this analysis in the TS-monosomic group alone (TD = 12; TS = 10) and again found qualitatively similar results to those obtained from the combined TS-monosomic/mosaic group. The TD > TS contrast showed significantly greater connectivity in the right IPL ([63 -30 49], Z = 4.57, size = 1613). Small-volume correction identified a significant difference in left MFG ([-39 30 49], Z = 3.9, size = 365).
Analysis 2: Brain Behavior Correlations during Visuospatial Working Memory
Having identified a group difference in functional connectivity with the right IPL, we were interested in assessing whether this tells us more about the mechanisms underlying working memory difficulties in TS, relative to local differences in activity that have been identified in previous studies. Accordingly, we looked at a larger cohort of subjects who performed only the visuospatial working memory task, which included 30 TS and 15 TD participants. In this larger group of TS participants, we had greater statistical power (relative to the smaller sample of participants who completed both visuospatial and phonological tasks) to identify significant correlations between behavior and measures of activity, structure and connectivity.
Working Memory Performance Similar to the combined modality analysis on accuracy (Table 3) , we found main effects of load (F 2,84 = 47.8, P < 0.05), diagnosis (F 1,42 =10.5, P < 0.05) and age (F 1,42 = 10.6, P < 0.05), and significant interactions between load and age (F 2,84 = 4.8, P < 0.05), and load and diagnosis (F 2,84 = 4.5, P < 0.05). These results indicate that girls with TS performed significantly worse on this task overall and were increasingly impaired as the task became more difficult. As we included a larger group of TSmosaic participants in this analysis, we also compared accuracy scores for the TS-monosomic versus TS-mosaic groups. The TSmonosomic group was significantly less accurate than the TD group in the 1-back (t 33 = 2.4, P < 0.05) and 2-back conditions (t 33 = 3.4, P < 0.005), but the TS-mosaic group was not significantly different from the TS-monosomic group in either working memory condition (1-back: t 28 = 1.4, P = 0.2; 2-back:
fMRI Results Looking first at the TD group, we found significantly increased activation during working memory relative to control conditions in many of the same regions described in the combined modality analysis, including bilateral anterior insula, bilateral IPL, and bilateral MFG (Supplementary Table S2 ). The TD > TS contrast did not show any significant activations at our whole-brain corrected threshold. Small-volume correction in our a priori VOIs identified significant differences in left IPL ([-54 -43 
Functional Connectivity Results
A contrast testing for increased connectivity in the TD group in the visuospatial working memory tasks, relative to the control tasks, showed significant activations in precuneus ([-6 -42 (Fig. 4b ).
Brain--Behavior Correlations
We assessed whether functional connectivity was relevant for explaining behavioral variability in the TS group. We chose to look at accuracy measures in the more challenging 2-back condition (where group differences were more prominent) in relation to measures of structure, activity, and connectivity. Correlating 2B accuracy with 2B-C contrast maps from the main SPM and PPI analyses did not yield any significant clusters at our whole-brain corrected threshold; correlation with gray matter images showed one significant cluster in postcentral gyrus ([57 -22 21] , Z = 4.8, n = 1690). We used a reduced threshold of P < 0.05 uncorrected (minimum extent 15 voxels) to generate maps of clusters that were positively and negatively correlated with accuracy. This yielded 24(+) and 35(-) clusters from the main SPM model, 40(+) and 22(-) clusters from the PPI model, and 21(+) and 5(-) clusters from the structural model. Slices from the mask generated for PPI(+) are shown in Figure 5a . For each participant, we averaged structural, and activation, and connectivity (2B-C) contrast images over their respective maps. Averaged values for PPI(+) are shown in Figure 5b ; correlations between accuracy and predictors are shown in Table 4 (standardized coefficients, all at P < 0.05). This indicates that measures of connectivity provide information relevant to explaining behavioral variability, over and above measures of activation alone in individuals with TS.
Discussion
In this study, we investigated whether differences in functional connectivity between parietal and frontal regions were related to working memory difficulties in TS. We replicated previous findings of reduced parietal lobe volume in our group of participants. We used the parietal volumetric difference to define a seed region for functional connectivity analysis and found that functional connectivity between this seed region and dorsal frontal regions was reduced during working memory in girls with TS relative to TD girls. Connectivity with the parietal seed region was predictive of performance in girls with TS, underlining the importance of functional interactions for working memory, and pointing to a mechanism by which structural abnormalities in TS might affect cognitive performance. Previous fMRI studies of cognitive function in TS have found activation differences in parietal and frontal brain regions during performance of visuospatial , mathematical , and working memory tasks (Haberecht et al. 2001; Hart et al. 2006) . In parallel, structural imaging studies have identified differences in parietal lobe morphology (Molko et al. 2003) and frontoparietal white matter connectivity (Holzapfel et al. 2006) . As well, cortical thickness in bilateral DLPFC has been found to correlate with cortical thickness in the left IPS in TS (Raznahan et al. 2010) . However, to our knowledge, this is the first analysis of functional connectivity suggesting that abnormal functional interactions contribute to performance differences in TS. Several studies have pointed to functional interactions as being important for working memory in healthy subjects (Honey et al. 2002; Hampson et al. 2006) , and related to performance differences in aging subjects (Grady et al. 2009 ), individuals with schizophrenia (Meyer-Lindenberg et al. 2001; Schlo¨sser et al. 2003; Hashimoto et al. 2010) , and individuals with autism (Koshino et al. 2005) . Taken together, these studies suggest that interregional interactions are critical for online maintenance of information, as required by working memory tasks, and that reduced interregional interactions may be a common cause of impaired performance.
Here, we have presented correlative evidence that functional connectivity is important for working memory in TS. Specifically, we found that a measure of connectivity was predictive of performance in TS, over and above variance explained by age and regional activations. However, this effect was tested on a relatively small sample size and should be replicated in a larger group. Furthermore, we cannot know based on this experiment whether reduced functional connectivity has a causal effect on working memory difficulties in TS. It is also plausible that because the 2-back working memory tasks are challenging, the TS girls become less engaged and that is reflected in measures of neural activity. Participants in this analysis were excluded if they stopped responding; however, it is difficult to quantify engagement on a target detection task that requires relatively infrequent responding. An interesting topic for future study will be to test whether structural connectivity places limitations on performance or functional connectivity.
In addition to difficulties with visuospatial skills and executive function, girls with TS have well documented difficulties in the social domain. These include difficulties with face and affect recognition (Romans et al. 1998; Lawrence et al. 2003; Mazzola et al. 2006) , as well as ''theory of mind'' or mental state attribution (Lawrence et al. 2007 ). Structural differences have been found in TS in regions involved in social processing, such as amygdala (Good et al. 2003) , superior temporal gyrus (Kesler et al. 2003) , and orbitofrontal cortex (Good et al. 2003) , suggesting that the social processing deficit may be parallel and relatively independent from performance IQ deficits. However, problems with working memory may also contribute to abnormal social behaviors in TS. In particular, mental state attribution likely relies on attention and working memory. Executive function deficits including difficulties with attention (Romans et al. 1998; Ross, Roeltgen, et al. 2000; Ross, Zinn, et al. 2000; Lagrou et al. 2006 ) and response inhibition (Kirk et al. 2005), likely contribute to impaired social competence in TS (Lagrou et al. 2006 ) and may be mediated by a similar reduction in connectivity with frontal regions. Working memory activity in frontal and parietal regions has been found to increase from adolescence to adulthood . A recent study using computational modeling to investigate how developmental changes affect neural activity during working memory maintenance showed that the strength of frontoparietal connections predicted observed changes in neural activity with development better than other hypothesized structural developmental changes (Edin et al. 2007 ). This computational result is consistent with differences in delay period activity in TS demonstrated by Hart et al. (2006) . Our finding of reduced functional connectivity and previous findings of reduced anatomical connectivity (Holzapfel et al. 2006 ) are also consistent with the assertion that reduced connectivity relates to reduced working memory capacity in TS. The study presented here was set up as a block design, making it difficult to discern whether connectivity differences were related to encoding, maintenance, retrieval, or the active inhibition necessary during N-back working memory tasks. In future studies, it will be interesting to discern whether delay period connectivity specifically is reduced in TS, perhaps using a technique with higher temporal resolution, such as magnetoencephalography or electroencephalography.
In general, girls with TS have difficulties with visuospatial stimuli, relative to verbal. Few studies have investigated the neural basis for this difference in the context of working memory. In the present study, we did not find a group 3 modality interaction in accuracy, however, participants overall were less accurate on the phonological task relative to the visuospatial, perhaps indicating that the overall difficulty of this task overwhelmed modality-specific group differences. We also note that our participant group showed impairments with verbal comprehension as well as performance IQ measures. Hart et al. (2006) found significant group 3 modality interactions in delay period activity in the IPS, MFG, and IFG-these regions increased more from phonological to visuospatial in the TD group. However, in both the Hart study and the present study, participants overall were more accurate in one modality than the other, indicating that the tasks were not well matched for difficulty. A challenge for future studies will be to design behavioral tasks such that the structure remains similar between modalities and the difficulty level more closely equated.
Most girls with TS, particularly from X monosomy, do not spontaneously begin normal pubertal development, and puberty is usually induced with estrogen supplementation around the age of typical pubertal onset; the participants in our study were mostly prepubertal. Studies of the effects of estrogen repletion have shown behavioral changes in motor and nonverbal processing speed , and some evidence for effects on memory (Ross, Roeltgen, et al. 2000; Ross, Zinn, et al. 2000) . Nonetheless, a comprehensive longitudinal study of brain development following estrogen repletion in TS has yet to be performed.
A better understanding of the neural mechanisms leading to working memory impairments in TS could lead to the development of targeted interventions. Intensive training on working memory tasks has been shown to improve performance (Olesen et al. 2004; Takeuchi et al. 2010) , modify brain activity (Olesen et al. 2004) , and modify brain structure (Takeuchi et al. 2010 ). Takeuchi et al. (2010) found significant changes in fractional anisotropy near the IPS following a 2-month program of intensive working memory training. However, it remains to be seen whether intensive behavioral training can improve working memory performance in TS, and it will be especially interesting to determine whether training can override what appears to be a genetically influenced predisposition for weakened frontoparietal connectivity. As the frontoparietal attention network (Fox et al. 2005; Toro et al. 2008 ) is important for attentionally demanding cognitive processing, targeting connectivity in this network could potentially ameliorate executive function deficits in TS more broadly.
In conclusion, we have demonstrated that girls with TS show reduced frontoparietal connectivity during working memory tasks, and that a measure of this connectivity correlates with behavior in TS participants. While previous studies have identified differences in regional structure and activations in TS, the findings presented here suggest that reduced functional interactions may be a mechanism by which structural differences affect cognitive processing. Reduced functional connectivity in the frontoparietal attention network may be a common mechanism for broad executive function and attention difficulties in TS; this work emphasizes the importance of frontoparietal interactions for supporting attentionally demanding tasks. TS offers a unique opportunity to study hormonal and genetic influences on brain development in females, and this work suggests that structural brain differences emerging early in development can affect the dynamics of interregional communication, with pernicious effects on cognitive function.
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